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INTRODUCTION

BILCKGROUND

To date, research into the determination of load-deflection characteris-
tics for structural elements has been concentrated on the elastic region.
Literally thousands of tests have been run on as many specimens which
have varied in material, size, shape, loading, and end fixity. Semiempir-
ical procedures for determining yield inputs, elastic curve and types of
failure have been generated for all hinds of conceivable structures. By

ccmparison, there is a sparsity of data available for structural behavior
beyond the elastic regime. This, of course, is not to say that no useful
information has been developed. A development program could be 'undertakel
to obtain the same type of data to support analysis for nonlinear behavior
as has already been accomplished on linear behavior of structural elements.
However, before such a program is undertaken, the following factors should
be considered:

" The cost in manpower, material and time would be very great.

" The data can be obtained by performance of proof of crash-
worthy design tests as a modest addition to the standard
laboratory structural tests that are conducted to qualify an
airframe.

Reference (1) provides a program by which an iterative process is used to
incorporate improved crashworthy characteristics into helicopters during
the early design phase. Since large deformations are involved (beyond the
elastic range) in determining the energy absorbed by the structure during
a crash, the nonlinear response of the various significant structural
parts comprising the airframe is needed. In addition, because of the
large number of different structures used in airframe construction, the

designer needs the data In some orderly form that categorizes the response
characteristics.

The Crash Survival Design Guide (Reference 2) provides valuable informa-
tion which, if applied properly, will enhance occupant survivability Jn a
severe yet potentially survivable crash. The design guide, as currently
constituted, presents in detail aircraft crash kinematics, survivable im-
pact envelopes, aizframe crashworthiness principles, seat design, restraint
system design, occupant environment design, and additional applicable data.
However, the design guide does not describe the following significant items:

* procedures by which crashworthiness capability can be
evaluated

* design criteria as a function of the aircraft design con-
figuration and operational usage
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* load deflection determination procedures in the nonlinear
regime for various types of structural elements used in air-
frame design

In the last decade, there have been significant efforts to develop crash-
worthy seats (pilot, troop and gunner). The capabilities of these seats
can be greatly enhanced if the structure below the seat, namely, the land-
ing gear and airframe, can be designed to absorb additional energy. An-
other pertinent factor that must be considered in crashworthy design,
whether it be the airframe, seats or major mass items, is that aircraft
differ in design configurations, in usage and, consequently, in impact
environment and dynamic response characteristics.

Until recently it has been difficult to assess aircraft crashworthiness
capability. However, the development of digital computer programs (refer-
ences 1 and 82) has served to provide basic analytical tools. Program
KRASH (reference 1), in particular, has proved to be capable of predict-
Ing structural and occupant response during combined velocity(vertical-
lateral and longitudinal) impact. Program KRASH provides a foundation
from which the practica.l application of a consistent crashworthiness ap-
proach can evolve. The recent study described in reference 1 established
that an analytical method is available which is a useful tool for the de-
signer, if guidelines for the determination of nonlinear load-deflection
characteristics of structural elements used in aircraft design are pro-
vided. The development of simplified methods to obtain this type of data
will result in the establishment of procedures which can readily be applied
to various airframes to evaluate their crashworthiness capability. Further-
mere, designers of aircraft will have the means to improve airframe crash-
worthiness in an orderly manner to a desired level, with a minimum incre-
mental weight and cost increase. Since the development of procedures
applicable to crash analysis is primarily intended for designers, with
special emphasis on the preliminary design, special consideration is given
to simplified expressions which have general application as opposed to
rigorous approaches which are oriented toward unique design or loading
conditions.

There are many different types of structural elements used in the various
sections of a helicopter. The structure is designed to take loads acting
in different directions; consequently, different modes of failure occur
such as buckling, tension, compression, bearing and shear. Table I gives
a sampling of the types of structural elements and their locations in a
UH-lH helicopter. Some useful load-deflection information, both linear and
nonlinear, has been developed over a period of time for many of the
different types (f structural elements used in a helicopter. In particular, 4
much experimental and analytical effort has been expended to determine

elastic responses of columns, struts, stringers, longerons, honeycomb

panels and beams to dynamic and static loads.
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While research has been oriented predominately in the linear regime, the

results provide valuable information (i.e., the yield points, the elastic
curve and buckling behavior) for establishing the characteristics of
certain structures when the nonlinear region is encountered.

• _ TATLE I. UH-lH STI TURAL E. T TES AND LOCATIONS

1. Honeycomb panel Main beams, bulkheads, skin, fuel
cell, door, etc.

2. Torque box (beams) Fuselage mid section

3. Simply supported beam Lift link (transmission)

4. Cantilevered beam Fwd. of f.s. 155, aft of f.s. 21]

5. Tension rod Fuselage (f.s. 211 to 243)

6. Flanged webs Bulkheads, main beam

7. Frames Cabin, tail boom

& Stanchions, columns Cabin

9. Strt, bipod, tripod Engine mount

10. Bulkheads Fuselage, tail boom

11 ringers Tail boom

12. L ngerons Tail boom

13. R b spar Vertical fin

14. TOcrsioa tube Horiz. stabilizer, engine-transmission

15. Panel (flat, curved) Fuselage

16. kii stiffeners Fuselage, tail boom

17. Tubular (curved, flat) Landing gear, troop seats

18. Rubber mounts Transmission

19. Beam stiffeners Main beam

An important consideration in defining the energy absorption characteristics
of structural elements in the nonlinear region is to establish the signifi-
cance of rate of loading. To this end, the energy absorption characteristics
of a typical aircraft substructure (P2V-4 fuselage bumper) were obtained
under static and dynamic loading conditions (Reference 1). The results of
these tests are compared in Figure 1. The dynamic test results show good
agreement in the deformation of the shell structure when canpared to the
static test data. The results obtained from the tests of the fuselageI'; b mper are significant in that the dynamic test of the bumper indicates
that for some typical aircraft structure, a simple static test will
suffice.
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Figure 1. Load-Deflection and Energy-Absorbed Results for Static
and .Dynamic Fuselage Bumper Tests (Reference 1).
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Some structures, on the other hand, will behave differently under dynamic
loading conditione than under a static load environment. However, if
static tests can be performed in lieu of dynamic tests to obtain load-
deflection characteristics, then significant savings can be realized in
future programs. What is needed is an approach which recognizes that
existing linear and nonlinear load deformAtion data can formulate a basis
for establishing guidelines which will holp designers, during the prelimi-
nary design stage of a vehicle's development, to determine the amount of
energy absorption necessary *o achieve a crashworthy design. The exact
load-deflection curve of the element which deforms plastically, although
desirable, is not essential to a crashworthiness analysis. More important

is the understanding of the gross behavior in the plastic region, i.e.,

constant load-carrying capacity as compared to instantaneous loss of load-
carrying capability.

From an economic point of view, it is more efficient to optimize for the
incorporation of crashworthiness features early in the design stage. How-
ever, during preliminary design it is doubtful if sufficient design details,
wEic influence the exact plastic deformation shape of structural elements,
will be available. The availability of simple procedures to predict energy
absorption and load-deformation charaiteristics will allow the designer to
initiate valuable cost, weight and geometry trade-off studies. The develop-
ment of these procedures will require some testing of typical specimens.
This testing should, as a minimum, verify the validity of proposed
procedures for providing pertinent nonlinear load-deformation data.

PROGRAM OBJECTIVES

The objectives of the program are as follows:

9 To develop simplified analytical techniques by which nonlinear
load-deflection characteristics of typical structural elements

can be obtained.

* To verify with tests that these simple analytical techniques
are valid for crashworthiness analysis.

• To provide designers with simplified techniques with which to
perform crashworthiness studies during the preliminary design
phase.

• To simplify data input requirements of computer program KRASH.

To achieve the objectives, the results of the study will determine:

(1) The pertinent structural element load-deflection characteristics
that are to be modeled in order to obtain acceptably accurate
structural and occupant responses.



(2) The accuracy with which typical airframe structure load-deflection
characteristics can be predicted using simplified analytical pro-
cedures.

The table of contents conveys the general plan of the report. Background
information is presented initially to provide a proper perspective in re-
lation to the objectives of the program. Volume I is presented in chrono-
logical order of the program milestones and includes:

* Survey of Technical Publications

" Load Sensitivity Studies

" Substructure Analysis

• Substructure Test Program

* Correlation

* Program KRASH Refinement

* Desien Procedures

The program results are presented in summary form prior to the conclusions.

Volume II contains supporting data for the details presented in Volume I.
Volume II contains abstracts for the 60 technical reports and publica-
tions reviewed during the program. Included in the literature survey
section is a matrix categorization of the reports by subject and applic-
able area of interest. fte test data is presented in its entirety, in-

cluding accelerometer, load cell, strain gage deflection, and time (or
scan) histories for each of the twelve tests. Supporting data for anal-
ysis and design procedures is also presented. Program KRASH refinements
which include standardization of input, modified input format, and user's
guide are included.
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SURVEY OF TECHNICAL PUBLICATIONS

GENERAL DISCUSSION

Technical publications were reviewed and their contents categorized in accor-
dance with the vsriouq aspects of developing improved crashworthiness
criteria and concepts to assist ir future reference as needed. A review and
evaluation of 60 publications are presented herein. A complete listing of
publications which comprise the literature survey is presented in Volume II.
The literature is reviewed with regard "to the impact on developing designer-
oriented crashworthiness design procedures. In particular, emphasis is
placed in the following areas:

o Simplified enalytical techniques

0 Experimental data

o Design procedures and guidelines

* Load-deflection data

o Energy absorption

• Methods of analysis

e Strain-rate sensitivity

o Inertia effects

EVALUATION
All documents reviewed are evaluated for their applicability to each of the
subject areas listed above, the contribution of each is briefly stated, and

a composite summary of the pertinent aspects is recorded.

Volume II, which provides additional literature survey information, con-
sists of a summary or abstract for each report and a literature survey
subject index which contains a matrix categorization of the ccntents ofthe technical reports. The matrix categorization lists the reports by

number and associates each report with an area of specific content or
applicability. All report numbers in this section refer to the reference
numbers as they are listed under Literature Cited.

Simplified Analytical Techniques

The determination of load deformation characteristics of aircraft structure
will enhance the ability of the designer to predict structure and occupant

responses during severe yet survivable crashes. However, it is important
that this data is presented in a manner which will aid the designer in
developing the desired level of crashworthiness in the airframe structure.
The data presented in the literature provides analytical procedures and/or
empirical data which is applic ole to a great many types of structural ele-

7



ments. Unfortunately, much of the data in its present form is not direct-
ly applicable for the following reasons:

(i) The analytical techniques require computer programs in order to
formulate solutions.

(2) The empirical data is not related to analytical procedures.

(3) The data is for structural elements under a unique loading con-
dition or boundary condition.

(4) The data neglects effects sf inertia loads, strain rate, wave
propagation and/or geometry changes.

There are several references, most notably 5, 6, 7, 9, 12, 18, 24 and 30,
which povide information that can be incorporated into procedures that
could serve as guidelines for designers. Several of the aforementioned
references are texts (6, 7, 8, 9, 24, 30) which, although primarily limit-
ed to elastic and plastic behavior, cover a wide range of structural ele-
ments such as beams, columns, plates, rings, arches and composite structure.
The data in these references provide basic information regarding yield
point loads and methods by which the effects of plasticity, crppling and
buckling can be taken into account.

Experimental Data

References 1, 4, 17, 19, 26, 28, 32, 33 and 35 pre-nt results of tests.
The data is generally in the form of load versus d- lection, force versus
time and stress versus strain. Reference 1 static and dynamic test re-
sults showed that for some typical aircraft structure, the load deflection

characteristics are the same for both static and dynamic loading condi-
tions. Figure 1 shows a comparison of the results of the static and dyna-
mic tests described in Reference 1.

In Reference 4, load deflection curves for plate stringer panel configura-
tions are presented. The results of these panel tests, illustrated in
Figure 2, show the energy to area ratio of the three configurations. Of
particular importance is the relative absorption capabilities of the panels
and their respective modes of failure. For example, the integrally
machined panels produce a reasonably efficient energy-area ratio, but the
load stroke performance is poor because the mode of failure is an explo-
sive fracture in which the riser splits completely off the skin. In addi-
tion, the peak load of this latter configuration is much higher than the
peak load for the other panels, which could result in higher transmitted
loads. Reference (4) also presents load-deflection data for the lower
frame of a typical fuselage segment obtained from drop tests. This test
data is compared to analysis and is shown to differ substantially. Refer-
ence 10 presents data regarding buckling characteristics of perfect and
imperfect circular cylindrical shells subjected to dynamic axial loading.

8
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Close agreement was found between theory and experiment for both dynamic
buckling strength and buckling mode shapes.

Reference 17 presents data for simple structures like a clamped beam, cir-
cular ring, circular plate and hemisphere. The data is limited to deflec-
tion time histories and is for a specific material, loading condition,
boundary condition and size of structure. In Reference 19, a comparison
is made of experimental data with the results of a theoretical investiga-
tion of the plastic deformation of cantilevered beams subjected to impul-
sive loading. The test results for this particular study followed the
general trend predicted by rigid-plastic theory. A conclusion drawn from
the results is that an increase in yield stress with strain rate is the
primary cause of the discrepancy between theory and experiment.

Reference 26 presents results of an experimental investigation into the
use of frangible metal tubing as an energy absorber. Tests were performed
using a 1/5 scale model of a proposed manned spacecraft, and impact veloci-
ties reached 30 fps vertical and combined vertical (13.5 fps) and horizon-
tal (18 fps). Results are presented as curves of force versus displace-
ments. References 27, 32, 33, 34 and 35 present data for a one-shot
energy absorber. References 32 through 35 provide data accumulated over
a period of years for the Lockheed developed Dynasorb. The device has
been tested for ground impact conditions as high as 112 fps. Materials
tested include aluminum alloy 2024-T3, brass, copper, magnesium AZ-31B-F,
steel (1015), steel (4130), cnd titanium. Energy curves showing load ver-
sus displacement are presented.

Reference 01 presents results of experimental investigations of thinI* webbed plate-girder beams to determine shear loads required to cause web
rupture and flange rivet failure. In all, twenty-seven beams were tested.
Reference 38 discusses the impact response of curved box-beam columns
with large global and local deformations. Of significance are load-
deflection curves for steel and aluminum under static and dynamic loading
conditions (Figure 3). This paper concludes that the consideration of
cross-section changes is necessary and important in predicting the impact
response of beam columns with thin-walled box sections subjected to large
deformation. The effects of strain rate sensitivity and strain wave prop-
agation on the load-deflection curve are discussed.

Reference 39 presents stress-strain curves for aluminum honeycomb and
two foamed plastic structures. The characteristics of these three mrcerials
axe examined to ascertain how they can be applied for human protection
against accelerations encountered at low impact speeds (30 fps). Reference
] presents data regarding modes of failures of multiweb beams. The ulti-

mate strength and buckling characteristics of multivweb beams have been in-
vestigated both experimentally and theoretically. The three primacy types
of instobility that occur are (1) local buckling, (2) wrinklins, and (3) in-
terrivet buckling. Il is rioted that beams of solid cross sections typically
exY Ait large plastic deformations as shown in Figure ,, while uit-up

10



STE L R36

SYMBOL P0_ 25.6 MP
X - - 15.3 MPH

SV.. io.4 MPH
30- 5.0 M20- i ...... STATIC

V O."...Z -

10

0
0 1 2 3 4 5 6

EFLECTION IN.

ALMaIN 6061-T6

30- SYMBOL SpV.,D
30.2 MPH

25.6 MM

Cl, 15.4 MPH
2 10.6 MPH

C.,0
F14

10

T0 I 1

o 1 2 3 4 5 6
DEFLECTION, IN.

Figure 3. The Effects of Impact Speed on Dynamic Force-Deflection
Relationship of Curved Box-Beam Columns (Reference 38).



PLATI ,~nu

II
ELSTC PASICG~ OF1 AwlTI

WCE

4 MNWWI DEFIECTION,9

Figure 4f. Structural Behavior Typical of Solid Cross-Section
Beams of Ductile Material (Reference 39).

BUCLM

A

LENGTH CHARACTERISTIC

OF BUCKLED ZONE

ELASTIC

C D

"ELASIC" 1UCKIED

B/ C/ 
L'1T

<FAIL ANGULAR DEFLECTION, e

Figure 5. Structural Behavior Typical of Built-Up Beams (Reference 39).

12



sheet beams exhibit structural behavior similar to that shown in Figure 5.

Design Procedures and Guidelines

To perform a crash analysis of an aircraft requires the use of verified
analytical tools, in addition to the definition of the crash environment
and human tolerance considerations. Potentially, the greatest payoff
with regard to efficiency of design in performing dash analysis exists
during the preliminary design stages. However, during the initial stages
of design, little data is available other than basic concepts, configura-
tion and sizing. Thus, the designer is faced with the formidable task of
incorporating crashworthy design features which are compatible with the
crash environment, aircraft operational requirements, cost, weight and
geometry constraints while working with preliminary design data. Of use
to the designer are several categories of information. For example, de-

sign principles which include techniques and considerations for improving
crashworthiness capability provide one set of guidelines. References 2,
3 and 4 are particularly useful in this respect. Reference 1 outlines
an approach which, based on current available data and techniques, pro-
vides an opportunity to assess the trade-off between the level of crash-
worthiness capability versus incremental increase in cost and weight to
achieve improved crashworthiness capability. It also presents a systema-
tic approach for Ascertaining crashworthiness capability which can incor-
porate the data compiled by various agencies and studies over the years.

In addition, Reference 1 provides a verified analytical method which can
form the basis of a designer-oriented tool.

References 6, 7, 12, 13, 29, 30 and 34, some of which are texts, provide
procedures by which load deflection characteristics of various types of
structures in the elastic range can be obtained. In addition, these refer-
ences show how the effects of plasticity and crippling can be incorporated.
These latter references present data for a variety of types of aircraft
structures and include changes in geometry and boundary conditions for the
different structures. In general, the data presented from the publica-
tions in the literature is not oriented toward design type personnel;
accordingly, little in the way of procedures and/or guidelines is made
available.

Load-Deflection Data

Although much effort has been expended to obtain structural characteris-
tics of structural elements, only a small percentage of published data
provides load-deflection data that can be directly incorporated by de-
signers. Table I1 shows a cross section of data available from the refer-
ences that are included in the literature evaluation. The load-deflec-
tion data provides some useful data to the designer, in that characteris-
tic trends can be associated with differei t types of structural elements.
Table III presents a matrix of structural alement load-deflection cate-
gories and load types. The table indicates, to some degree, how the
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TABLE Inl. MATRIX OW. STRUCTUR41 ELEMENT LOAD-DEFLECTION CATEGORIES AND
LOAD TYPE

Load Load Categories *

Type 2 2 3

Compression Skin-Stringer Frangible Tube Sheet Skin

Coil Spring Telescoping Tube Flat and Curved Plate

Stiffened Cylinder Honeycomb Axially Loaded Cylinder

Multiple Cell Slender Long Column
Structure

Stringer Shell
Short Column Segment

Beam.

Tension Bulkhead Inversion Tube Short Elongation Strap

Stiffener Stainless Steel Sheet Skin
Strap

Stranded Cable Stringer

* LOAD CATEGORIES

1. Increasing load with increase in deflection

2. Constant load with increase in deflection

3. Decreasing load with increase in deflection

** Compression members tend to fail as a result of the lateral bending
induced by the compression load, an action which is commonly called
buckling.
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II
selection of a structural element design can influence the loads that will
be experienced in an aircraft. This information, without additional data
such as energy-absorption efficiency, linear load-deflection curves, and
yield points for specific design configurations, although a contribution,
is inadequate for crashworthiness design. References 6, 7 and 30 present
some valuable data concerning various types of structural elements up to
the point of failure and including plasticity effects. Of particular
importance in this data is that nondimensional graphs are presented; these
allow one to easily determine load capability for different geometry or
end constraints. Reference 6 includes discussions of plastic bending,
buckling of flanges and webs, lateral buckling of beams, buckling of beams
in combined axial compression and bending, buckling of frames, and a gener-
al method for computing elastic-plastic displacements. Reference 7 pre-
sents discussions and tables of data for determining load and deflection
for beams and frames, including simultaneous axial and transverse loading,
variable cross sections and curved sections, flat plates (ultimate strength,
large deflections, nonuniform loading), columns (eccentric loading, com-
bined compression and bending), and buckling of bars, columns, flat and
curved plates. Reference 30 provides a discussion of the design of members
in tension (skin, stringers, spar caps), bending (beams), torsion (shafts),
compression (columns, flat plates., curved sheets), and shear (webs). In-
cluded in this reference are design equations, nondimensional buckling de-
sign curves, and a discubsion of the manner in which local crippling fail-
ures can be analyzed.

Energy Absorption

From a crashworthiness design efficiency standpoint, it is desirable to
have structural elements which exhibit a load-deflection curve that is
approximately flat (zero slope) beyond the elastic limit, provided the
maximum transmittal load does not subject the occupant to an intolerable
acceleration magnitude. There are many load-limiting devices which can be
incorporated for crashworthiness considerations. However, the selection
of a particular device requires that a trade-off be made between performance,
weight, space and cost. Table IV, obtained from Reference 2, compares
several "one-shot" load-limiting devices for lO00-to-4000-pound loads. In-
cluded is a comparison of the pertinent design factors for eight different
devices. "Long-term reliability" refers to the ability of the device to
perform its function without benefit of maintenance throughout the life of
the aircraft, while "specific energy" indicates the amount of energy that
can be absorbed per pound of weight of the device.

References 1, 3, 4, 17, 25, 26, 27, 32, 33, 34 and 35 also present data

related to structural element energy-absorption requirements or capability.
Table V (Reference 33), for example, compares energy absorption efficiencies
for several different materials and methods.

References 32 through 35 discuss the Lockheed Dynasorb frangible tube ener-
gy absorber which has been tested using a 3400-pound simulated vehicle
structure with a ground impact velocity of 112 feet/second.
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Methods of Analysis

The several methods of analysis that are available for determining load-
deflection data for typical structural elements include:

* Classical static plastic analysis

* Dynamic mode approximations

* Finite differences

e Finite elements
Classical static plastic analysis is applicable to most structures except
wherein instability and/or buckling occurs. Beam and simple-shell type

structures are generally analyzed by this method. The dynamic mode approxi-
mation technique is described in References 45 and 61. This approach is
relatively simple to apply; however, it does have the following limitations:

9 A constant acceleration is assumed throughout the dynamic de-
formation. Therefore, the use of load-deflection characteris-
tics obtained by this approach would not accurately reflect
the actual acceleration response of the structure.

* This technique is not applicable to structure which exhibits
instability and/or buckling characteristics.

* For complex structures it is difficult to define a unique
mode shape which is kinematically and dynamically admissible.

Finite difference and finite-element techniques are discussed in References
17, 38, 52 and 63. These approaches give reasonable load-deformation in-
formation for simple structures. However, for complex structuresthese
numerical methods are not yet considered as reliable or as economical as
experimental techniques. Analytical techniques and numerical methods
.,or stability analysis and post-failure analysis presented in References
15 and 64 through 71 are primarily concerned with the technique itself
rather than the application of the technique to practical problems. The
analytical approaches presented in the literature are devoid of methods
by which designers can make direct use of the analytical procedures.

Strain Rate Effects

If materials exhibit strain-rate sensitivity, then the effect on the load-
stroke characteristics for the structure will be a change in the yield and
ultimate loads. For cases in which structural materials exhibit strain
rate sensitivity, an approximate accounting for this effect can be made.
Several references, including 5, 19, 31, 36, 37, 38, 40, 43, 44 and 46,
discuss strain rate effects. There is no universally validated and
accepted strain rate law. One approximation described in Reference 38 and
used in several publications is shown on the next page.
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a a= static value of' yield
0 point

= yield point

CE y

a a + ifD~p= constants of the struc-
y 0L DJ tural material

E = strain

0E = strain rate

Dynamic stress-strain based on average
strain rAte

The approximation regards the effect of strain rate as raising the yield
point (0y) above the static yield value (%) with the associated strain
hardening portion of the curve kept parallel to the static strain harden-
ing curve.

In Reference 18 is presented a simplified method for solving impulsively
loaded structure for rate-sensitive materials. The results of the study
indicate that good approximations to the exact solution may be found by
utilizing a rate-insensitive material with constant yield stress equal to
the initial dynamic yield stress.

Inertia Effects

If inertia forces for a particular type of structure are important, then
the load-deflection characteristics for the structure under dynamic load-
ing conditions can differ from the load-deflection characteristics under
static loading conditions. References 1, 8, 24, 29, 38, 40 and 43 present
data related to inertia effects. In Reference 1 the load-deflection
curves are obtained under dynamic loading and compared to a previously
obtained static load-deflection curve for the same specimen type. The load-
deflection curve for the specimen is also obtained analytically using an
existing finite element program.

If the higher modes of the frequency components dominate the response
initially such as to cause failure before the fundamental mode can respond,
then the effects of inertia should be considered in the load-deflection
curves.

Reference 38 shows the effects of impact speed on the dynamic force deflec-
tion relationship for steel and aluminum curved box-beam columns.
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LOAD-SENSITIVITY STUDY

GENERAL

The results of the study described in Reference 1 show that an analytical
procedure is capable of predicting the responses of airframe structure
during crash conditions. The results of the study also indicate that the
trade-off between cost and weight increase versus improved crashworthiness

* capability is an integral part of the iterative process for-determning a
crashworthy design. Although the computer program developed in Reference
I provides an acceptable analytical tool for determining crashworthiness
capability during preliminary design, refinements can be made which will

make the program more designer oriented. The purpose of the load sensiti-
vity studies is to ascertain how accurate the modeling representation of
the structure has to be in order to obtain sufficiently accurate results

fo- preliminary design usage. It is important to bear in mind that during
a preliminary design,the structural data that i3 generally available is
related to concepts, sizing, and location, whereas very little in the way
of detail construction is known.

The load sensitivitfr studies make use of the 31 lumped mass model of the
UH-lI helicopter described in Reference 1. The general arrangement of the
UH-lH is shown in Figure 6. The basic math model internal springs, external
springs and lumped masses are noted. The detailed lumped mass model and the
mass representation geometry are shown in Figure 7 and Table VI, respectively.

For detailed information regarding the model, see pages 81-93, Volume I of
Reference 1. For information regarding the related theory including
coordinate systems, see pages 25-86, Volume II of Reference 1.

LOAD-DEFLECTION VARIATIONS

Engine

The changes in the engine-mount stiffness factors and load-deflection curves
are shown in Table VII and Figure 8, respectively. The load-deflection
curve is obtained from the expression

'=n

K n (KRj)' (DX1) versus X

where J=.l

K = stiffness, lb/in.
DX. = incremental distance, in.

KR stiffness reduction factors; i.e., for the first
row in Table VII, the KR vs DX curve appears as
shown in the sketch accompanying Table VII.

X = distance, in.
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The KR versus X curve is depicted below:

1.0 
9

KR -0 DX

0- .1 .2X, in.

-. 7 0

There are six KR values for each element. The first KR value corresponds
to a zero deflection. The incremental deflections (DX) are equally spaced.
The KR values shown in the sketch above are for the base axial case (31-52)
shown in Table VII.

For a linear spring, KR = 1
For a constant force, KR = 0
For a decreasing force, KR < 0

TABLE VII. ENGINE-MOUNT AXIAL AND BENDING KR CHANGES

KR Values at DX.
Case DX _

Identification (in.) U 0 0 0 0 ©
AXIAL

Base .1 1.0 1.0 -.7 -.7 0 0

El .1 1.0 .8 0 -. 5 -. 25 0

E2 .1 1.0 .8 0 0 0 0

E3 .1 1.) .6 .5 .4 .3 .2

AT.TTNG

Base .0667 1. 1. 1. 1. 0 0

EBI .1 1. 1. 1. 0 -1. -.8

EB2 .1 1. 1. 1. 0 1. .8
EB3 .1 1. 1. 1. 0 -.5 -. 4

EB__4 .1 1. 1. 1. 0 .5 .4

K = 5.64 x 1o 4 lb/in.
aKi = 1.12 x 105 lb/in.

.beni ,
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Figure 8. Engine Axial and Bending Load-Stroke Curves.
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The engine mount is a bipod arrangement; thus, the vertical force is in-
fluenced primarily by the member axial and vertical forces and the angle
of the mount. A left side, looking inboard, view of the engine 4iount arrange-
ment is shown in Figure 9.

Figure 9. Left Side, Looking Inboard,View of Engine Mount.

Transmission

The transmission mount is a near-vertical memb-r; therefore, the vertical

response is influenced primarily by the member axial (vertical) stiffness.
The changes in the transmission-mount stiffness reduction factors and,

Vconsequently, the load-deflection curve are shown in Table VIII. The

associated load-deflection curves (Kf (KR) (DX) vs X) for the transmission
mount, members 8 - 9, are shown in Figure 10.

Landing Gear

The changes in the landing skid stiffness reduwtion factors are shown in
Table DC. The associated load-deflection curves for the forward landing
skid (members 16 - 17 and 16 - 18) and the aft landing skid (members 10 -

14 and 10 - 15) are shown in Figure 11.

27
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TABLE VIII. TRNSMISSION-MUNT AXIAL Al] BENDING KR CHANGES

Case DX , KR Value at DX.

Identification (in. -o\ /4N r

AXIAL

Base .48 .00785 .00785 1. 1. 0. 0

T .48 .00785 .00785 1 1 .5 0
T2  .48 .00785 .00785 1 1 .25 -.25

T2 .48 .00785 .00785 1 1 .5 -.5

T4  .48 .00785 .00785 1 1 .1 -1.

BENDING

Base .25 1. 1. 1. 1. 0. 0.
TB1 5 1. 1. 1. 1. -1., 0.

TB2 .4 1. 1. 1. -- -1.

K axial 2 x 105 lb/in.

K bending 1.9 x 10 lb/in.

TABLE IX. LANDING-GEAR BENDING WND ROTATIONAL KR CHANGES

,~~K , .. Value at jCase DX

Identification (in.) t ' __ @

BENDING

Base 4.o 1 1 1 1 -3.3 -3.3

SB1 h.o 1 1 1 1 1.0 1.0

SB2 4.o 1 1 1 1 0. 0.

SB3 It. 0 1 1 1 1 0 -2.0

SB4 14.0 1 1 1 -1. -2.5

ROTATION

Base .02 1 1 1 1 -3.3 -3.3

SRI .005 1 1 1 1 2.0 -3.3

SR2 .005 1 1 1 0. 0.

K bending = 2.7 x 10lb/in.

K rotation = 2.17 x 10 Ijnib/rad
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The effective bending stiffness of the landing skids can be approximated
from the expression

- 2 2
K=(K33 ) (K5~5) (K3)5

* K55  -K 3 . K55

where K3 = bending stiffness (load due to deflection)

K 5 5 = rotational stiffness (torque due to rotation)

= load due to rotation

In program KRASH, stiffness reduction factors are input separately for all
the diagonal terms, i.e., K11 , K22, K3 3 , K44, K55, K66. The stiffness re-
duction factor for each diagonal term applies for all the K values in the
respective column (the stiffness reduction factor for K33 = the stiffness
reduction factor for K13, K23., .K43 K, K63

Fuselage

The changes in the fuselage external spring load-deflection r,,rves are
shown in Figures 12 and 13. The parameters that are varied include the
load level, stroke and the rate of loading. Figures 12 and 13 represent
the load-deflection curves for masses 10 and 16 (forward); the load level
for the external springs from masses 11 (mid), 12, 13, 22, and 23 (sides)
are equal to half the load level of masses 10 and 16.

Crushing load-stroke characteristics are given in Table X.

RESULTS

Load sensitivity studies using computer program KRASH and the existing 31
lumped mass model are shown in Figures 14 through 17 for the load and energy
absorbed versus deflection for the engine (axial), engine (bending), trans-
mission (axial), and landing gear (bending), respectively. The results,
shown in Tables XI through XV, compare the peak load and peak responses for
the base case versus the various load-deflection changes for the structural
elements.

Engine

The results of the engine load-sensitivity runs are shown in Figures 14 and
15 and Tables XI and XII. For large changes in axial load-stroke, the
response is fairly insensitive. For example, case El versus the base case
shows a potential inaccuracy of 12% if the shape of the buckled load-stroke
curve is not represented exactly. If the load-stroke curve is considered
flat (E2), then a 20% error would be introduced.
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Figure 12. Fuselage External Crushing Load-Deflection Curves.
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Figure 13. Fuselage External Crushing Load-Deflection Curves.
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TABLE X. FUSELAGE EXTERNAL CRUSHING LOAD-STROKE CHARACTERISTICS

Load Level * Crushing Distance. Bottoming Stiffness*
Case (Lb) (In.) (Lb/In.)

BASIC 1.65 x 104 3.5 3.3 x 104

F1 1.65 x 10 4  7 3.3 x 104

F2 3.3 x 104  7 3.3 x 104

F3 1.65 to 3.3 x 104 7 3.3 x 104

F4 3.3 x 10 4 3.5 3.3 x 104

F5 1.65 x 104 3.5 6.6 x 104

F6 :..64 x 104 3.5 1.65 x 104

F7 3.3 x 7 6.6 xl 4

F8 3.3 x 104  7 1.65 x 104

* Values shown are for masses 10 (aft) and 16 (fwd).

All other external springs are changed in the same proportion.
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Absorbed Versus Deflection Curves.
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TABLE XI. ENGINE MOUNT AXIAL LOAD SENSITIVITY STUDY RESULTS

Peak Load (Ib) Peak Response (G's Percent Change
Condition @ Time Am @ Time Amax.* max. Loa Response

Base 500 * 49 - -

El 2,500 * 55 400 12

F2 7,200 60 1o00 20

E3 12,000 72 2400 44

* Peak Load = 7200 lb (Figure 14) at A = .15" to .2". However peak

response occurz later in run when axial load drops off ( A = .6") and

is influenced by bending forces.

TABLE XII. ENGINE MOUNT BENDING LOAD SENSITIVITY STUDY RESULTS

Peak Load (ib) Peak Response (G"s)- Percent Change
Condition Time @ A = .38" Time @ &.38" Load Response

Base 26,000 47 - -

EBI 24,000 46 -7.6 -2.1

EB3 25,000 47 -3.8 0

EB4 30,000 49 +15.b +4.2

IB2 32,000 50 +23. +6.4

Condition Peak Load (ib) Peak Response (G'sl Percent Change
Time @ A = .5" Time @a=. 5" Load Response

Base 26,000 50 - -

EBI 12,0C 30 -54 -40

EB3 20,000 40 -23 -20

EB4 36,000 60 +38 +20

EB2 45,000 72 +73 +44
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Transmission

The results of the transmission-mouit axial load-sensitivity runs ar,.
shown in Figure 16 and Table XIII. A comparison of the percentage )f
change in load and corresponding percentage of change in response inaicates
that the latter parameter is far less sensitive than the former parameter.
Conditions T2, T3 and-T4 represent situations in which the load-carrying
capability will decrease. While they vary considerably in load vs deflec-
tion beyond the failure point,the effect on the peak response varies from
25% to 36.5%, as compared to the basic. Conditions T and TI represent
conditions in which the rate of load increases after failure occurs. Under
these conditions the response varies from 3.6% to 17.5% as compared to the
base case, which has the steepest load-deflection curve.

Landing Gear

The results of the landing gear bending load-sensitivity studies are shown
in Figure 17 and Table XIV. The engine and transmission mounts are insen-
sitive to these changes because failure of the struts occurs approximately
30 milliseconds after ground contact while the engine and transmission
loads occur between 60 and 70 milliseconds after impact. The DRI peak
values which occur between 80 and 90 milliseconds after impact show aslight sensitivity ('-10%) to changes in landing gear load-stroke values
within the constraint s of this type of gear.

Fuselage

The results of the fuselage load-sensitivity studies are shown in Table XV.
Increasing the load stroke from 3.5 inches to 7 inches affects the response
of the transmission and DRI's by approximately 10%. (The DRI model is
described in Reference 1. Basically the DRI is a quantitative measurement
of the occupant response which i: related to the probability of a spinal
compression injury. A DRI value of 19, for example, would relate to a 10%pirobabilityr of spinal compression injury.) Increasing the load level by a

factor of two during the flat portion of the stroke has the further effect
of reducing peak responses of the transmission (- 5%) and DRI (- 5%). The
most significant factor affecting the response in the UH-lH model is the
bottoming spring. The engine response is increased 23%, and the transmis-
sion response is changed 27% when the bottoming spring is doubled (case F5).
When the bottoming spring is halved (case F6), the engine response is
reduced by 20% and the transmission response by 30%. The DRI's responses
in the UH-lH model are more sensitive to changes in load level and stroke.
The DRI peak responses occur later after impact compared to the engine and
transmission responses and, consequently, are affected by the amount of
energy that is absorbed by the crushing of the fuselage.

Conversely, the engine and transmission -esponses are affected by the rate
of load change due to the stiffness of the fuselage. The external fuselage
springs bottom (reach peak deflection) at between 60 and 70 milliseconds
after impact, which coincides with the time at which peak engine and trans-
mission responses occur.
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TABLE XIII. TRANSMISSION-MOUNT AXIAL LOAD SENSITIVITY STUDY RESULTS

Peak Load (lb) Peak Response (G's) Peret Change
Condition @ Time 4 A @ Time e Amax. max Load Response

Base 150,000 86 - -

T1 120,000 83 20. 3.6

T 95,000 71 36.7 17.4

T2 85,000 64.5 43.3 25.

T3 75,000 60 50. 30.2

T4 70,000 54.6 53. 36.5LI

TABLE XIV. LANDING GEAR LOAD SENSITIVITY STUDY RESULTS

Relative Energy
Absorption to Peak Load (ib) Max.Response(G's) Max DRI

Condition Failure (@ Deflection)* Engine Transm. Aft Fwd

Base 4 33,000 (13) 53 86 63 6o

SB1 3 4o,ooo (15) 53 87 63 6o

SB2 2 35,000 (io) 52 814 59 55

SB3 1 40,000 (12) 51 86 58 51'

NOTE:

* Deflection in Inches
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SUBSTRUCTREg ANALSIS

OBJECTIVE

The purposes of the analysis are to:

e Develop simplified techniques to obtain approximate load-deflection
characteristics of failure and post-failure regions of typical air-
craft substructure.

* Develop ways of incorporating empirical and analytical procedures

to correlate with experimental data.

e Extend the procedures to apply the analytical techniques to struc-
tures which have a different geometrical configuration.

* Predict the crashworthiness capability of substructure segments to
be used in vehicle crashworthiness design by the use of the techni-
ques and design procedures to be developed in this study.

METHODS OF ANALYSIS

The model specimen used (Figure 18),which represents the lower fuselage, is
a composite built-up substructure made of stiffened panels with longitu-
dinal reinforcement by main beams along the sides. The specimen dimensions
are 46 x 18 x 6.125 inches. The drawing for specimens 1 and 2 is presented
in Figure 19. Complete details are given in the SUBSTRUCTURE TEST PROGRAM
section which follows. Drawings for all 12 specimens,which are analyzed and
tested during the study described herein,are presented in Volume II. The
specimen is approximately half size except that the skin, web and angle
stiffeners are actual thicknesses. Under vertical impact conditions the
loads are transmitted from the fuselage segment to the transmission housing
via the supports at the four edges noted in Figure 20.

In this study, identifying dominant failure mechanisms and post-failure
behavior is of primary concern. Emphasis is placed on examining the appli-
cability of various existing analytical and semiempirical approaches.

The structural elements selected in this program are stiffened panels, which
are subject to crushing deformation modes (or end shortening), starting with
the initial buckling of the webbed structure,followed by post-buckling
behavior, which is characterized by geometrical nonlinearity as well as
material nonlinearity due to plastic deformation. As the loads are further
increased, an ultimate point is reached, and beyond this point, as the dis-
placement is further increased, the load reduces drastically.

For most plates and stiffened panels under in-plane compressive loads,
failure is characterized by one of the following:

* For long plates and long panels, the structure fails meinly due to
coltunn instability behavior.
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Figure 18. Model Specimen of Lower Fuselage Substructure. J

" For short panels, crippling is the dominant failure mechanism.

" For intermediate length, failure is a result of combined crippling
and collznn behavior with possible torsional effects added.

On the other hand, the longitudinal beams (top and bottom skins)are subject
to bending and possibly stretching if the ends are constrained. These beams
and skins, with stiffened panels and bulkheads placed between them, are
expected to give rise to very complicated interactive response.

In conjunction with the analysis described in this section, available methods
" were explored and evaluated. The applicability as well as complexities of
!3 these methods is discussed. In addition, simplified methods for the pre-

~sent study are proposed and applied to the model specimen structures.

, Accurate large -deflect ion failure and rost-failure analyses of a general stif -
fened panel require complex mathematical formulations including the incorpor-

{° ation of plasticity theory. The behavior of the flat plates within the initial.
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post-failure range is generally available. However, the methods of esti-
mating maximum strength from the post-buckling analysis, References 87
through 90, are limited in that there appears to be a lack of adequate cor-
relation between analytical procedures and experimental work. In addition,
the influence of parameters such as material and fabrication-induced imper-
fections, boundary condition influence, and geometry changes has not be-n
thoroughly examined. Compared to analysis and testing to determine failure
points of structure designs, failure beyond the ultimate strength point
appears to have received very little attention. Yet, it is this region,
from the crashworthy design point of view, that is vItal in terms of energy-
absorbing capability and in determining whether this portion of substructure
would maintain structural integrity throughout the crash sequence.

Except for the cases of simple geometry and boundary conditions, available
methods generally require a fairly sophisticated level of computer coding.
Unless the use of sophisticated programming leads to reasonably simple
design charts, the effort would not meet the primary objective of the study,
namely, designer-oriented tools. Therefore, the development of such com-
puter programs, which not only account for the elastic stability behavior
but also include plasticity phenomena for carrying out failure and post-
failure analysis is potentially desirable. However, it will undoubtedly
take some time before such techniques are verified as reliable. Therefore,
it is important to develop simplified methods which fully utilize both
empirical and analytical approaches for predicting large deflection behavior
in an approximate sense. They would provide not only some insight as to how
one can get load-deflection behavior for similar structures without going
through costly test and computer runs, but also some perspective as to which
way to pursue this relatively unexplored area.

The use of test data combined with analysis has resulted in the development
of semiempirical approaches, particularly for structure subject to buckling.
Buckling, post-buckling and compression strength of flat plates, composite
elements and stiffened panels received great attention during the last four
decades. Although substantial theoretical development has been achieved in
recent years via the general stability theory as described in References 64
and 65, the literature does not indicate that there has been any additional
extensive experimental investigation since the comprehensive undertaking by
NACA, described in Reference 12, in the late 1950's.

Although the literature contains comprehensive information regarding buck-
ling of plates (via design charts) obtained by the classical analysis, and
an estimate of ultimate strength based on the empirical correlations with
experimental test data, this data excludes the use of end-shortening char-
acteristics and post-failure behavior. Furthermore, structural imperfec-
tions dealing with rivet strength and associated failure modes (rivet pitch,
offset, rivet spacing) as well as geometrical imperfections were rarely
considered in modern analytical approaches to nonlinear stru-tural analysis.

References 87 and 89 describe the attempts that have been made to predict
collapse loads by their analyses for flat plates under in-plane compression.
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Recently, in Reference 90 it was suggested that by extending Koiter's
theory (Reference 64) and combining the elastic-perfectly plastic theory,
a method to estimate the collapse loads for the lateral buckling of a rec-
tangular beam can be achieved. Although some of these approaches must
prove to be feasible, the literature indicates that the current state of

the art is such that no post-failure analysis of composite structures, made
of stiffened panels and beams, exists for typical fuselage substructure.

Therefore, in the following sections the emphasis has been placed on using.
semiempirical/analytical methods to develop simplified procedures for pre-
dicting crashworthy (or post-failure) load-deflection characteristics of
typical built-up structure used in fuselage design.

The general procedure for determining the total load-deflection character-

istics, including failure and post-failure behavior, for the compositeI
structure selected for the test program is described in the following sec-
tions. Included in the procedure is a step-by-step process with the fol-
lowing sequence:

e Prediction of failure loads for stiffened panels

* Post-failure analysis of stiffened panel

* Main beam and bottom skin analysis

* Total load-deflection curve

Prediction of Failure Loads for Stiffened Panels.

The various failure modes of general stiffened (riveted) panels are shown

in Figure 21 (Reference 12). Depending upon the rivet pitch, spacing, andstrength, a -iven structure may fail either by interrivet failure, wrink-

ling failure, or monolithic behavior.

Using the semiempirical/analytical methods described in References 12, 76,
and 83 for stiffened short panel elements, the failure loads are estimated.
In addition, the analysis outlined is based on the following assumptions:

o At the threshold of failure loads, full plastic hinges are developed
at constrained supports and mid cross section of the panels.

* The free warping energy of the flange of the stiffening angles is
neglected.

* The effect of strain hardening is neglected.

e The influence of the axial force on the plastic hinge mechanisms of
the stiffened panels is neglected.
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Figure 21. Various Failure Modes of Short Riveted Panels (Reference 12).

" The local failure pattern changes during the post-failure stages are
neglected.

" The effect of geometrical imperfection sensitivity is neglected.

Since the present stiffeners are of one-corner angles, the suggested fail-
ure stress formula by Gerard in Reference 12 is:

Of=O (~ )1/2 ]m Icy
A i 'cy

Correlating test data from Reference 92 and casting them into the Schuette's
method (Reference 93),the constants Pf and m for equal angles are given in
Reference 12 to be:

Bf = 0.665 (2)

m = 0.85 (3)
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Wrinkling failure is expressed in Reference 9h as shown below in equa-
tion (4):

•i2

K .ir E it)Ow = _E_ (4)

12 (1- v)

where and can be estimated, respectively, from References 93 and 94.

The empirical criterion for at least wrinkling failure rather than inter-
rivet failure given in Reference 12 is shown to be

P 1
- <1.27 K (5)

7 w

Instead of using Equation (4), which requires Kw to determine aw, a simpli-
fied approximation is given in Reference 92 as

41, 1/6 " 12

a .48 E, (6)w t f / bw bs/

Another approach to determine the effects of rivet fastening on the failure
stress based on the monolithic structural configuration is shown empiri-
cally in References 96 and 97. The empirical data is reproduced from Refer-
ence 12 in Figures 22 and 23.

When the sheet material is different from the stiffener material, the effec-
tive yield stress can be approximated as

c ys CYw (/ts(7)
cy -tw/ts

where

b i t.tw T i : (8)

The method of determining the number of flanges to be used in Equation (1)
is shown in Figure 24.

Equations (1) through (6) provide sufficient information for the present
study to determine the failure stress for a given stiffened panel segment
under inplane compressive loads.
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Figure 22. Effect of Rivet Tensile Strength, Pitch, and Diameter Upon

Compressive Strength of Short, Riveted, Aluminum-Alloy
Z-Panels, 2117-TP Rivets (Reference 12).
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i,'igure 24. Method cr Letermining Number of Flanges.
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In order to determine the corresponding failure load from the failure
stress, the so-called "effective width concept" is introduced. Based on
the work described in References 98 and 99, an extensive test made by C.I.T.
during the early 1930's suggested the following formula which is obtained
from Reference 83:

.2•c (9)

where n = 0.37 (g) for the sheet effective width. (10)

The method of determining the effective width for various configurations is
shown in Figure 25, adopted from Reference 83.

Once Ocr from the classical buckling theory is determined as described in

Reference 100, the effective area of the sheet can be calculated. Then the
failure load can be obtained by

Pf= (EAse +Cf (1)

Post-Failure Analysis of Stiffened Panels

A representative schematic sketch of a typical segment of stiffened panels
during the post-failure deformation is shown in Figure 26.

From the energy consideration,

P u~ -2 f A8 MP% 89l (12)

From the geometry,

-1"=tan Z (13)

vfhere

I',

66 - 5 . - 6u (15)

Substituting Equation (15) into Equation (12) and applying the variational
method, Equation (12) can be shown as

21M~ .z 6-u 0 (16)
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Figure 25. Method of Determining Effective Width.
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(a) HINGE MECHANISM OF POST-FAILURE PATTERN OF A STIFFENED PANEL.

VIEW A-A

(b) INTERMEDIATE WARPING OF FLANGE DUE TO FORCED BENDING OF WEB.

~ASSUMED PLASTIC IHINCGE

-- I

()LIMITED CONSERVATIVE CROSS SECTION FOR OBTAINING PLASTIC _

(d BENDING MOMENT.

Figure 26. Plastic Hinge Mechanisms and Effective Cross Section To

Determine Plastic Moment.
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From Equation (16), after sae mathematical manipulation,

S /(17)

where

M~=M +M~(18)
MP M1 +M2

Calculation of Plastic Hinge Moment (M )

It has been shown in Reference 75 that, after buckling, the bending stress
in the plate increases in proportion to I Ccr . (C - cr)  , whereas the

direct compressive stress decreases in proportion to (a - Car ). The pro-

1'rtionality factor depends on the boundary conditions, aspect ratio of the
plate, and buckled wavelength.

In particular, for an aspect ratio of a/b = 1, and with the plate under
uniaxial compression and free to expand laterally, the bending stress can
be shown as

_+ [~cr cr12 .36 (1

Therefore if

af/acr = 6

then the bending stress at the outermost fiber of the sheet skin becomes

orb - 0.88 af (19a)

and if

-c 0.25

then =02

cy 0.22 a (20)

Under this circumstance, assuming linear bending distribution across the
cross section, the yielding will set in on the stiffener at the location
approximately 2.3 times the sheet skir. thickness from the neutral axis of
the sheet skin.
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Although it is premature to assume that at collapse loads the plastic hinges
have formed as shown in Figure 26, from the foregoing assessment it can be
argued that this assumption is not too unreasonable.

The effect of axial force on the plastic hinge mechanism can be obtained by
applying the interaction mechanism described in Reference 101 and shown in
Figure 27.

Then

I+ = 2(21)

It can be shown that at the failure load

N af (22)

N P cT

Therefore, for the same cf/acy value of 0.25,

=0.9375 (23)

MP I

Figure 27. Approximate Yield Function for Combined Bending
and Axial Force (Reference 101).
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Equation (23) implies the+ the neglect of axial force would give about a
6-percent overestimate ot the plastic moment at the highest direct com-
pressive stress state.

As will be discussed below, the neglect of axial force and the assumption
of full plastic hinge formation at the threshold of maximum load are criti-
cal when compared with how the k value is obtained due to the free warping
flange portions of the stiffenedpanels.

An assessment of the effect of free flange warping instability is made qua-
litatively in Reference 102 using Vlasov's theory. It is concluded from the
assessment that the effect of warping on the simplified plastic failure
mechanism can be neglected without degrading the accuracy of bhe post-
failure analysis.

Therefore, the conservative full plastic moment of the stiffened panel may
be when the flange portion is assumed to have folded completely against the
web, so the effective conservative cross section thickness of the stiffener
would be twice the web thickness as shown in Figure 26. However, an accu-
rate assessnent of the upper bound plastic moment is difficult due to the
complex behavior of the free warping flange during the post-failure stage.

Main Beam and Bottom Skin Analysis

The subelement of bottom main beams and skin is shown in Figure 28(a). In
order to simplify the subsequent analysis) the following assumptions are
introduced:

" The subelement is modeled as a single beam with simple supports at
bulkhead stations A, B, E, and F, respectively, as shown in Figure
28(b).

" In view of the solid support systm between stations C and D, it
is assumed that the bending rigidity for this portion of beam has
an infinite value, i.e., 11/12 0 .

" Although top beams at station A and F are expected to undergo a cer-
tain bending, and some shear flow for the correspcnding side stif-
feners, it is assumed that this bending is not too influential.
Therefore, the surface of the top skin and beams throughout the
entire deformation is assumed flat.

If the above assumptions are introduced, the beam deflection of Figure
28(b) at C and D will be the same as the shortening distance of the panels
between stations C and D.

Following the procedures described in References 103 and 104, it is found
that the plastic hinge forms at stations C and D simultaneously, and te
corresponding applied force and deflection are
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Figure 28. Lumped Model of Bottom Skin and Main Beams.
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P - 16 Mp (24)

51

81 13 M . 12 (25)
30E I P

As load is further increased the bending moments at B and E reach the
plastic moment and the corresponding force and deflection are

= (26)
Ii

2 = P 2 (27)
2EI1

Beyond this stage, the load does not increase, and the deflection increases
until the hinge rotation reaches complete failure at the location.

Tie foregoing analysis has some theoretical drawbacks when the displacement
becomes large, due to the introduction of the simply supported assumption.

For example, when the crushing distance becomes about 3.0 in., assuming that
the axial strain is uniformly spread throughout the beam, the average axial
strain is about 0.03 in./in. This is certainly more than failure strain.
However, if roller guide supports rather than simple supports are remodeled
for the main beam, then the axial influence can be eliminated. The assump-
tion would compensate for bending of the cantilevered portion of the speci-
men. This arbitrary drawback seems to be contradictory in a strict theore-
tical sense; however, the approximate load-deflection curve obtained by
this assumption is believed to represent the dominating deformation mode.

Total Load Deflection

In the present model substructure, the stiffened panels are assembled to
form rectangular cross sections. At each edge, at least one or more stif-
feners join the panels by rivets, together with sheet skins.

In order to obtain a load deflection curve of this typical cellular cross
section, two factors must be considered:

" The effect of the joint d edge constraint on the initial local
buckling of the composite cellular cross sections.

" The effect of the constraint of the joining stiffening members at
the corners during the failure and post-failure stages.
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Neglect of the first effect can be alleviated by the fact that the so-called
"four moment equations", for buckling of rectangular tube sections, would
render no more reliable results than the separate buckling estimate of the
individual panels when the tube itself has stiffening members as in the pre-
sent case.

The effect of corner constraint on the failure load presents greater com-
plications, and this will require indeed a fairly involved analysis. If
a conservative failure load is ejhasized, it is assumed that the connecting
corner stiffener belongs either to the side stiffener or the bulkhead;
and neglecting the interaction between two neighboring stiffened panels,
the approximate failure load can be estimated from the individual failure
load of stiffened panels.

Another complication arises for the nonuniformly compressed portion of the
side skin between stations B and C, and D and E. These plates may be
approximated as subjected to a linearly varying edge compressive load as
described in Reference 88.

While the involved analysis to determine the failure load for this portion
is desirable, in view of the effective width and average maximum stress con-
cept shown in Figure 25 plus the assumption that the bulkhead stationed at
B and E would remain within the elastic range, another approximation is
introduced which assumes that only one-half of the skin width participates
in failure load and post-failutre deformation. It is noted, however, that
no quantitative assessment was sought to evaluate this approximation.
Nevertheless, preliminary analysis vs. experimental observation tends to
justify this approximation.

Column Effect on the Failure Strength of Stiffened Panels

In the preceding section, the crushing stress (or failure stress) formulas
are based on the value of L'/P = 20. For a sufficiently larger value of
L'/P the panels behave as columns, and the ultimate stress may oe calcu-
lated by the well-known Euler's formula

a = 72 E/(L/P) 2  (28)

However, for the transition range as shown in Figure 29, the parabolic 4

approximation based on the value of CTf at L'/P = 20 can be obtained from
the following equation derived and presented in Reference 12.

a°Oal ac " /2 71/2 2 9co= 1 - 1 - a / '-l2(9

f f 2o cr
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Figure 29. Critical Stress Versus L'/P Ratio.

For aluminum material, the stress at L'/P = 20 is

;20 = 2 E/(20)
2 = 246,74o lb/in.2  (30)

To determine (L'/P), first c must be obtained from Equation (29). In cal-co

culating a , first P and L' must be determined. These values are obtained
following frocedures similar to those described in Reference 83.

Figure 30 shows the scatter values of end fixity obtained from testing flat-

ended panels. It is observed in Reference 83, from the test data, that
about 75 percent of the test points lie within t 5 percent of the curve forC = 3.0. Therefore, it is suggested that a value of C = 3.0 be used as a

good average value of the panel end fixity. The same value will be adopted
in this study since there is limited data available. Using C = 3.0, the
following expression for L' is obtained:

L'= L/ VC = .57735L (31)

In order to determine P, the necesrary steps are:

1) Calculate b as shown in Figure 31 based on the failure stress I
f"

2) Calculate p for stiffeners alone.

3) Calculate the distance, S, from the mid cross section of the skin
to neutral axis of the stiffener as shown in Figure 31.

4) Use Figure 32 or obtain from Equation (32):
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Figure 30. Failure Stress Versus Slenderness Ratio of Stiffened Panels.

2

( )2  J A (32)

steps t obtab th (+ )2+ e_s

This completes all the necessary information to obtain a new c . The next

steps to obtain the ultimate load are:

9 Calculate new We/b based on a new a (see Equation 9 and Figure
25). CO

9 Calculate rAse based on the new va±ue of be .

Then the ultimate load is calculated as previously by Equation (11).

Pf (E A + E A, (33)Pf Co ( se w ;
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"N General Application of the Procedure

The procedure presented in the previous sections to determine the failure
stress for the angle-type stiffened panel is also applicable to a variety
of other types of panels, if the parameters such as P, n and m (in Equa-
tion 34) are adjusted to the experimentally evaluated data.

In general, according to the data in Reference 12, the failure strength can
be generalized by the following form

([
a lf _ w " t s E n

cyA7c
WI

where

g - the number of flanges + the number of cuts

mBg = Bc (s-) for multi-corner elements (35)

g for one-corner elements (36)

m
g = B (I) for two-corner elements or plates (37)

In Figure 33, representative types of stiffeners with from one to six cor-
ners are shown. In Figure 34 and Table XVI, values of 8 g, n and m,
obtained from Reference 12, for different configurations are listed. A
detailed illustrative sample problem using the analytical procedure is pre-
sented in the Design Procedure section. The following subsection presents
analytically predicted subelement and total load-deflection curves and dis-
cusses the manner in which the curves are obtained.

Predicted Subelement and Total Load-Deflection Curves

Following the procedure outline,. in the preceding portion of the Substruc-
ture Analysis section, the failure load for the stiffened panels (and stif-
fener and bulkhead) ara determind. Next, the post-failu.e load-deflection
curve shape is obtained for each of the stiffened panels. The failure de-
flection is then derived from the intersection of the ultimate failure load
(failure analysis) and a coinciding load from the post-failure analysis.
The assumptions regarding the plastic hinge formation at the threshold of
failure implies that the yield strain (1 ) ha,: been reached which can be
considered as the upper bound strain at the failure load. Thus, the
derivation of the deflection from the failure point, although approximate,
is in effect based (:n the upperbound value of the yield strain. The
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Figure 33. Stiffeners With Various Corners.
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(a) EXTRUDED IG TYPE

T-SECTION CRUCIFORM H-SECTION

(b) EXTRUDED T-TYPE

I t I
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ELEMENT FT.NT ELEMENT ELEMENT

(c) FORMED ANGLE STIFFENERS

(d) F)RMED HAT STIFFENED PANEL (e) FORMD Y STIFFENED PANEL

F!a re 3h. Various Stiffener configurations.
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Table XVI. VALUES OF n, m, g, pg AS FUNCTION OF STIFFE,:-J P'.1"1

CONFIGURATION (REFERENCE 12)

Value of
n m g 5g

ktruded Angle Type

Angle .5 .85 2 .558
Plate .5 .85 3 .558
Tube .5 .85 12 .558

Extruded T Type

T-Section .5 .4 3 .67
Cruciform .5 .4 4 .67
H-Section .5 .4 7 .67

Formal Angle-Stiffened Panel

Single Angle .5 .85 5 .55
Double Angle .5 .85 7 .583

Formed Two-Corner Stiffened Panels .333 .75 5 .917
Formed Three-Corner Stiffened Panels .5 .35 8 .558
Formed Multi-Corner Stiffened Panels .5 .85 11 .55
Formed Hat Section .5 .85 17 *
Extruded Y Stiffened Panels .5 .85 19

tW/t s  1.25 1.0 .63 .39

g .591 .561 .499 .483

______ 1--__ ____ ___ ___

t WA S  1.16 .732 .464

Pg .562 .505 .478
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SUBSTRUCTURE TEST PROGRAM

TST PROGRAM OBJECTIVES

The objectives of the test program are to:

(1) Develop testing techniques for determining load-deflection
characteristics of structural elements subjected to loads
involving crash-oriented large deformations.

(2) Establish the validity of simplified analytical techniques
for use in predicting load-deflection characteristics for
crashworthiness analysis.

(3) Verify the application of simplified analytical techniques

for different types of structural elements used in aircraft
design.

(4) Obtain information which can be used in future studies for
improving crashworthiness analytical capabilities.

(5) Determine limitations associated with simplified analytical
techniques in the prediction of crashworthiness capability.

GEN~ERAL

It is important, in the establishment of the test program, that
consideration be given to:

* representing typical structural designs

* ascertaining the effects of detail design differences on load-
deflection characteristics

e representing a crash loading condition

* relating the test data to procedures for predicting load-
deflection charanteristics

9 relating the test data to analytical modeling data require-
m ents.

Twelve tests were performed to aid in evaluating whether or not simplified
analytical techniques and experimental tests provide data of sufficient
accuracy, when applied in a crashworthy analysis of helicopters, to yield
reliable results.

In examining the type of structure used in helicopter design, the most
critical area from the standpoint of energy absorption and habitable
volume is the fuselage. In addition, this area, because of its built-up
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construction, is most difficult to analyze for large deformation. Struc-
tural elements representative of other regions of the aircraft, i.e.,
landing gear, engine mount, and tail boom,are of lesser complexity than
the fuselage structure, and in many instances they are not primary energy
absorbers. In addition, there is more test and analytical data available
for these types of structural elements than for multi-web construction.

Testing of several different types of representative fuselage substructure
provides the opportunity to obtain data which produces meaningful load-
deflection characteristics such as failure modes due to the design changes
associated with the various elements within the substructure.

The tests are to: (1) ascertain if the analytical techniques to be
developed in this study for determining approximation of large deformation
response characteristics are valid, and (2) obtain experimental load- ,I

deflection data.

Inasmuch as an infinite number of combinations of loading conditions and
edge restraints are available, care is exercised to select only those com-
binations that will provide the necessary data to fulfill these require-
ments. Once analytical techniques are compared with experiments and veri-
fied regarding their limitations, they can be applied to variations in de-
sign, geometry, and constraints with a greater degree of confidence.

TEST SPECIMENS

A representative pylon support structure is selected as a basic test
specimen from which normal types of detail design variations are made
to alter its load-deflection characteristics under large deflection
loading conditions. The pylon support structure consists of an inner

and an outer skin, representative of the basic floor and the helicopter
lower fuselage skin respectively, tied together by a series of beams
running fore and aft and bulkheads. This structure, during helicopter
accidents, is the means by which the vertical ground impact is transmitted
to the transmission. Accordingly, its modes of failure, the amount of
energy absorbed, and the pulse shape produced are of interest in assessing
the crashworthiness capabilities of a helicopter.

Figures 43 and 44 show specimens of the two different depths that are
represented. The specimen shown in Figure 43 is 6.125 inches deep and is
applicable to specimens 1 through 9, Table XVII. The specimen shown in 4

Figure 44 is 12.125 inches deep and represents specimens 10 through 12.
The specimen configurations and test conditions include:

static load
dynamic impact (14 ft/sec < velocity < 30 ft/sec)
four-edge support
two-line support
skin web thickness from .025 in. to .0611 in.
angle stiffener thickness from .032 in. to .072 in.
specimen weight from 13.6 lb to 31.25 lb
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number of angle stiffeners from 12 to 32
specimen depth from 6.125 in.to 12.125 in.

Each test specimen is 46 inches long, including five bays, and is 18 inches
wide with a side panel on each side to represent the main bulkhead. The
test specimen basic overall dimensions and bulkhead and stiffener spacing
are approximately half size.

The typical lower fuselage bulkhead and stiffener arrangement shown pre-
viously in the Substructure Analysis section (Figure 20) is presented
again in Figure 45. Illustrated in this figure is the location of the
test specimens relative to the entire lower fuselage, the landing gears,
the transmission pylon and the pylon support. The drawing for Specimens
1 and 2 is presented in Figure 46. Drawings for all 12 specimens fabri-
cated and tested during the program are provided in Volume II. Table XVII
shows the dimensions, thickeess, number of angles, number of stiffeners,
nominal weight, design configaration, and type of test performed for each
of the 12 specimens.

INSTALLATION

The planned test program required chat both static and dynamic tests be
performed. The static tests are performed using a Baldwin Universal
testing machine (Figure 47). The static setup with a specimen installed
is shown in Figure 48. The impact head is used throughout all the tests
--static and dynamic. A quasi-static loading procedure is followed in
which a controlled constant deflection rate is applied. Initially, the
rate is 0.05 inch/minute. After the initial failure load is reached, the
loading rate is increased to at least 2 inches/minute. The dynamic tests
are performed using the frame structure test tower and carriage shown in
Figure 49. The minimum carriage weight and aluminum impact head is 840
pounds. The drop test facility has sufficient clearance to perform 30-
ft/sec impact tests; however, the weight cf the carriage and impact head
and the energy-absorbing capacity of the structure are the determining
factors in the final impact velocity selected for a particular test. The
initial drop tests (test specimens 4, 5 and 6) employed a four-edge wooden
support between the specimen and the ground. The load was obtained from
accelerometers mounted on the impact head. The second set of dynamic
tests (specimens 7 and 8) was performed with a set of six load cells in-
stalled between the specimen and the ground. This setup is shown in
Figure 50 for the 14-ft/sec and 27-ft/sec impact test conditions. In the
lower velocity test, mass was added to the impact head to provide compar-
able energy levels as would be experienced at higher impact velocity level.
The five 500-pound weights used can be seen on top of the impact head in
Figure 50a.
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Figure 47. Baldwin Universal Static Testing Machine.

Figure 48. Static Test Setup.
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INSTRUMENTATION

For the initial series of tests, seven strain gages were installed to
measure compression and/or bending. The locations of the strain gages
are described in Figure 51 and Table XVIII. For the static tests, the
load is measured directly with a force transducer, and the deflection is
obtained using a linear variable differential transducer (LVDT). All data
is recorded directly on the Lockheed Central Data System (CDS), from which
response time history and force acceleration versus dqflection plots are
obtained.

In the dynamic tests, in addition to the strain gage aid displacement
measurements, three vertically oriented accelerometers ( > 100 g range
and with frequency response : 800 Hz) are used.

For the first set of dynamic tests (4, 5 and 6), accelerometers are placed
on the impact head and acceleration data (mass x g's) is used to determine
the load. In the second set of dynamic tests (7 and 8), in addition to the
accelerometers mounted on the impact head, load cells are instalied between
th6 test specimen support and the ground.

TEST SEQUENCE

The purpose of the initial tests is to verify the significance of inertia
effects and design configurations (i.e., lightening holes, modified
stiffener arrangement) on the load-deflection characteristics of typical
fuselage structure. Prior to the actual tests, preliminary tests were
performed to check out the test setup, motion of the carriagz, and in-
strumentation. The preliminary tests were run with a rubber pad in
place of the test specimen and performed for a drop height of 2.5 feet.
The results of the preliminary tests indicated that the drop tower and
data reduction systems were satisfactory fo. performing the dynamic tests.

The testing sequence used is as follows:

1. Static test (specimen with reduced number of angle stiffeners)
2. Static test (specimen with represencative number of angle

stiffeners)
3. Static test (same as specimen 2 except for lightening holes)
4. Dynamic test (same as specimen 3, impact velocity 17 ft/sec)
5. Dynamic test (specimen 2 stiffened for 30 - ft/sec impact velo-

city)
6. Dynamic test at 14 ft/sec(same as specimen 5)
7. Dynamic test at 14 ft/sec (load cells installed)
8. Dynamic test at 27 ft/sec (load cells installed - same as

specimen 7)
9. Static test (same as specimens 7 and 8)

10. Static test (12.125-inch depth)
11, Static test (12.125-inch depth; skin and angles thicker than

specimen 10)
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Figure 51. Strain Gage Locations (All Dimensions in Inches).
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-___n TABLE XVIII. STRAIN CAGE LOCATIONS

Strain GageStrain 
Direction Of Mounted OnGage No. Location Measurement Test Specimens

1A Web of center bay, end Compression and/or 1 thru 12 *beam inside bcnding of end beam

lB Web of center baj, :.nd Compression and/or 1 thrL 12bean outside bending of end beam

2 Web of bulkhead "c"

3 Web end beam at junction Axial compression of 1 thr"L. 3
of bulkhead "c" end beam

4 Web of end beam at Axial compression of 1 thru
Junction of bulkhead "d" end beam

5 Bottom of beam flange Axial strain for bend- 1 thru 3
1-1/2 inches frov, junc- ing of beam
tion of' bulkhea "d"

6 Bottom of flange 2 Axial strain for bend- I thru o
Inches from junction of ing of beam
bulkhead "e"

On specimen 9, strain gage !A is placed ol, -ne free flange
of the outside angle stiffener in the center of themiddle bay, since this specimen is closed on the bottom.

•* Strain gage locations are shown in Figure 51.
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12. Static test (12.125-inch depth; same as specimen 10 except for

line supports)

PHOTOGRAPHY

During the static tests, time lapse (2 frames/sec and 6 frames/sec) photo-
graphic coverage and 35 mm slides were taken during the application of load.
In addition, still photographs of test setup, test specimen and post-testfailure modes were obtained.

During the dynamic tests, high-speed motion-picture (500 frames/sec and
1000 frames/sec) coverage was employed in synchronization "with the talv-

recorded data. The location of the cameras was such that two different
angles were covered on each test.

RESULTS

The results uf the tests are shown in Table XIX. The load-deflection I
curves for each of the test specimens are showa in Figures 52 thz-zgh 63.
Because the initial dynamic tests were performed with accelerometers -iount-
ed on the impact head, the acceleration time histories have oscillatirs
from which it is difficult to accurately interpret the proper loads.
Since the accelerometer response is influenced by the impact tower vi )ra-
tion, impact head and carriage, the load-defle:tion curves for specimns
4, 5 and 6 (Figures 55, 56 and 57, respectively) have oscillations which
are believed to fluctuate about a mean value.

Because of the difficulty in interpreting accelerometer data, tests 7, 8
and 9 were designed to test the same confi.gurations (with .he exception
of a lower skin on specimen 9) under the following three eqtal energy
input conditions:

* 27 ft/sec impact velocity

* 14 ft/sec impact velocity

• static load

The results of these three tests are shown in Figures 58, 59 and 60.
Specimens 10, 11 and 32 were designed to be appro'imately twice as deep
(12.25 inches) as the other specimens (6.125 inches). Specimens 10 and 12
were identical. Specimen 11 was designed with skin and angle gage thick-
ness twice that of specimens 10 and 12.

Specimens 10 and 11 were cested using the same four-edge metal support
Ghat was used for specimens 7, 8-and 9. Previously a four-edge wooden
block support was used, but when load cells were added to the dynamic test
setup, the stiffer support was considered to be more desirable. The load-
deflection curves are shown in Figures 61, 62 and 63. Specimen 12 was
tested using line supports beneath the side panels (Figure 64). Specimen
11 (138,000 lb) was considerably stiffer than specimen 10 (39,000 lb), and
this is easily observed tn the failure loads for each specimen.
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Figure 54. Lo~d Versus Deflection, Test 3.
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Figure 58. Load Versus Deflection, Test 7.
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Figure 59. Load Versus Deflection, Test 8.
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Figure 60. Load Versus Deflection, Test 9.
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Figure 61. Load Versus Deflection, Test 10.
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Figure 63. Load Versus Deflection, Test 12.

98



42

Figure 64. Setup for Specimen 12.

As anticipatedthe failure load of Specimen 12 was higher than that experi-
enced by specimen 10 (68,000 lb vs. 39,000 lb).

Figures 65 through 70 show the post-test condition for specimen 1 through
6, respectively. Figures 71 and 72 shows a side-by-side comparison of
specimens 5 and 6 after equal energy dynamic impact tests at 30 ft/sec and
14 frt/sec, respectively. The post-test condition is very similar for the
two specimens. Figures 73 through 77 show the post-test condition of
specimens 7, 8 and 9 individually and side-by-side. The test of these
specimens provides data regarding the comparative effects of dynamic versus
static testing on load-deflection characteristics. The test results indi-
cate that the lower the impact velocity, the more severely the specimen is
deflected, the most extreme deflection occurring under static load. In
addition, the lower the impact velocity, the less springback* is evident
immediately after the load is released from the specimen. From Table XIX,
the springbac& effect is shown to be as high as 40% of the maximum deflec-
tion for a 27-ft/sec impact velocity (specimen 8) but is reduced to 25%
at a 14-ft/sec impact velocity (specimen 7). For specimens 5 (30 ft/sec)
and 6 (14 ft/sec), the springback effect is 31% and 12%, respectively.

Maximum deflection-permanent deflection)
*SPringback is defined here as Maximi Deflection
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Figu.re 67. Post-Test Condition of Specimen 3.
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Figure 68. Post-Test Condition of Specimen 4.

101



Fiur 70 ItT tCniino pcmn6

.4 __102



W4

Figure 71. Comparison of Post-Test Damage tt' r
( Specimens 5 and 6 (End View).

Figure 72. Comparison of Post-Tes2' :')&rnage for

Specimens 5 and 6 (Top View).
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Figure " Post-Test Condition of Specimen 8
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. Figure 75. Post-Test Condition of -ecimen 9.
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Figure 7'>. Comparison of Post-Test Damage to

Specimens ', 8 and 9 (T'p Vievfl.
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Figures 78 through 82 show the post-test condition for specimens 10, 11 and
12 (12.125-inch-deep specimens). Unlike all the other tests, specimen No.

12 vas tested with two line supports. The post-test condition differs

considerably from specimen 10 with which specimen 12 was identical except
for the load restraint system (four-edge versus two-line support). There
.!s more of a beam bending mode of failure present in specimen 12. Speci-

men 11 is similar, in general configuration, to specimen 10 except with

thicker angles and skins and as anticipated withstands a considerably
higher failure load ( 69,200 lb versus 39,000 lb) and absorbs more energy
( 73,800 in.-lb versus 51,750 in.-lb). Figure 81, in which a comparison

of specimens 10 and 11 is shown, indicates a similar type of failure for

both specimens.

A review of post-test damage photographs (Figures 65 through 80) indicates
that the acsumptions regarding the formation of a plastic hinge at the
threshold of failure, the cross-section of the structure participating in
forming a plastic hinge (flange warping), and the symmetry associated with
the mode of failure for the stiffened panels are generally valid. How-
ever, the failure patterns for the stiffened panels are irregular "rom one
test to another test and for each stiffener location. While plastic
hinges do form at many locations they do not always form at every con-
straint support or necessarily at each midpoint of all the stiffened
panels. There appears to be evidence of hinge formation in varying de-
grees for specimens 2 through 11. In nearly all the cases the angle
stiffener flanges warp. An exception to this is specimen 1 which had the
least number of angle stiffeners and failure was initiated by rivet pull-
out. However, in about half the test results there is noticeable warping
of the main beam flange. For several of the specimens (Figures 69-74)
warping of the main beam flange is quite noticeable. The failure pattern
of the stiffened panels indicates symmetrical failure modes for nearly
half the specimens (1, 3, 7, 8, 11) and an equal number clearly
unsymmetrical.

The effect of each of the above-mentioned analytical assumptions on the
comparison between the analysis and test results is discussed, in detail,
in the following section entitled Correlation. Where applicable, poten-
tial modifications to the analyses, which utilize empirical data, that
will enhance prediction capability, are discussed.

The most sigrificant implication of the above observations is that the
overall failure modes of the specimens are predictable although the exact
failure mode of each individual element is difficult to predict.

Although the individual stiffeners and panels deform under different modes
(due to differences in design and imperfections) the overall deformation
modes indicate a consistent trend. For example, although specimens 2 and
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Figur 77.Comparison of Post-Test Damage for Specimens 7,Figur 77. and 9 (Side View).

Figure 7.PostE-Test Conditionl of S,3peciniefl 10.
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Figure 79. Post-Test Condition of' Specimen 12.

Figure 80. Post-Test Condition of Specimen 12.
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Figure 81. Comparison of Post-Test Damage for Specimens

10 and 11 (Top View).

Figure 82. Comparison of Post-Test Damage for Specimens
10 and 12 (Side View).
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3 are supposedly identical in design and energy-absorption capability, the
post-test configurations show entirely different deformation modes for
individual elements, but the load-deflection curves are nearly identical
(Figures 53 and 54). This aspect of the validity of the analytical assump-
tions relative to the overall results is discussed in more detail in the
Correlation section under the Remarks on the Initial Analytical Assumptions
subsection.

All the strain gage data that was obtained during the test program is
presented in Volume TI under the section entitled Test Data.
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CORRELATION

GENERAL

A comparison of test and analytical data for the 12 test specimens is
presented in Table XX. The predicted versus test load-deflection curves
are presented in Figures 83 through 94. The comparison of test and analy-

tical data shows reasonable agreement for the crushing characteristics of
the model specimens selected in this program as representative of a seg-
men of the UH-1H fuselage.

Test specimens 1 and 2 afford the opportunity to assess changes in design
configuration (difference in the number of angle stiffeners) u nder an
identical loading condition. Test specimens 2 and 3 provide an opportunity
to compare analysis and test for specimens with and without bulkhead
lightening holes, under identi~al loading conditions. &

A comparison of load-deflection characteristics under static and dynamic
loading conditions is obtained from the analysis and test of specimens 3
and 4 and for specimens 7, 8 and 9. The effect of the impact mass on the
response of the structure can be obtained from the analytical and experi-
mental results between specimens 5 and 6, aud between specimens 7 and 8.

Finally, specimens 10, 11 and 12 provide the opportunity to exercise the
analytical app-oach for deeper (12.125 inches versus 6.125 inches) speci-
mens and compare the effect of line supports in lieu of four-edged
supports.

COMPARISON OF TEST AND ANALYSIS LOAD-DEFLECTION CURVES

Results of the analysis and tests for specimens 1 and 2 are shown in Fig-
ures 83 and 84, respectively. The analysis predicts the peak failure load
within 15%. The deflection at peak failure, from the analysis, is a lower
value (0.10 to 0.20 inch) than that obtained experimentally (0.25 to
0.40 inch). The deflection at the analytically predicted peak failure
value is the point at which the post-failure load-deflection curve inter-
sects the computed peak-failure load value. This matching process is
described, in detail, in the sections entitled Substructure Analysis and
Design Procedures.

The lower initial slope in the test load-deflection curves (Figures 83
and 84) is attributed to the indentation of the bottom skin rivet heads
into the wood support used to -distribute the loads. The wooden support
was used for tests 1 through 6. Thereafter, an aluminum support was used
when load cells were installed for the second series of dynamic tests.
The wooden support is not considered to have significantly influenced the
overall results.
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Figure 83. Predicted Versus Test Load-Deflection Curves
for Specimen 1.
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Figure 814. Predicted Versus Test Load-Deflection Curves for Specimen 2.
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For specimen 1 the deformation mode started with the buckling of the
central bay (Bay (3), Figure 47), side skin, and the two transverse bulk-
heads (C and D, Figure 47). The center bay spacing is 18 inches and the
distance between the end stiffeners is also 18 inches. As the deformation
increased, the skin tore out from the stiffeners at the rivet locations.

At this point, the load suddenly increased by approximately 2000 pounds
(Region A, Figure 83). After this initial tearing incident, the load in-
creased until additional skin tore out from other rivet locations. The
load decreased again, as is noted by Region B in Figure 83. The third
peak load point in Figure 83 is believed to have occurred after tearing
had been experienced at several rivet locations. The maximum crushing
strength appears to have been encountered in the second or third peak load
value. After crushing, the load gradually decreases to approximately 5000
pounds. Beyond a deflection of 3 inches, which corresponds to approximate-
ly half of the specimen height (6.125 inches), the load started to increase
rapidly. This increase is attributed to increased stiffness developed from
the trapped material as the specimen is crushed.

The predicted value shown in Figure 83 is based on procedures similar to
the one given in the example of specimen 2. First, the monolithic failure
stress is calculated; then, by taking into account rivet strength/geometry

effect, a modified failure stress can be obtained. From the latter stress,
the failure (or peak) load it estimated. It is felt that the failure load
by this approach falls somewhere between the monolithic failure load and
the complete wrinkling failure load.

The discrepancies between the test result and the prediction are: (1)
for the deflection in the range between 0.2 to 1.0 inch, the successive
(three times) abrupt failure mode changes from monolithic to rivet tear-
ing failure, observed during the test, are believed to be responsible for
the experimental load being higher than that obtained from the analyses;
and (2) after a deflection of 1.5 incbes complete tear-out of the angle
stiffener occurred, drastically reducing the post-failure plastic bending
moment, and in turn reducing the experimental load substantially below the
predicted load.

For specimen 2, additional angles were added over that shown in the basic
drawing (specimen 1); 1 inch x 1 inch x 0.032 inch angles were added out-

side of bulkhead stations C and D. In the middle of Bay (3) (see Figure
51), the skin is stiffened by two angles, one on each side of the web (in-

side and outside). Eight angles were added to the specimen along the side
skins. The comparison of predicted and test load-deflection curves is
given in Figure 84.

Because the side skins are reinforced by angle webs at both sides, the
rivet tearing did not occur prior to failure load. As the crushing defor-
mation increased, however, the specimen failed at various locations (i.e.,
skin was torn from the stiffener web)' Free warping of the stiffener
flanges, assumed in the post-failure analysis and noted in Figure 66,
justifies the conservative estimate of rigid-plastic hinge moment used in
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the analysis. In Figure 84, it is seen that, in general, close agreement

is achieved between test and analysis except for the difference between
the time of occurrence of the peak loads. This discrepancy in analysis is
believed to be caused by two factors: (1) the neglect of stiffness changes
during the post-buckling stage up to the failure point, and (2) the assump-
tion of rigid-plastic hinge mechanisms while ignoring interactions of the
complicated stress state.

Specimen 3 is identical with specimen 2 except for the bulkhead skins which
are solid (no lightening holes). Even though the initial buckling load
might be different, it was anticipated that the ultimate load would not
be noticeably different from the one with lightening holes, since the
effective width of the skin varies very little at the failure stress level.
The comparison of the experimental load-deflection curves of specimen 2
versus Specimen 3 (Figures 84 and 85) shows that this assumption is accur-
ate. Figures 66 and 67, which show the post-test condition of specimens 2
and 3, also indicate similar failure modes for the two specimens.

Specimen 4, which is identical to specimen 3, was tested under dynamic I
loading conditions using the same four-edge boundary condition as the
first three static tests. An 840 pound mass was dropped with a maximum
impact velocity of 17 ft/sec. The calibrated load-deflection curve, based
on the accelerometer level located near the center of the impact head, is
given in Figure 86 together with the predicted curve. For specimen 4,

the maximum deflection is about 3.75 inches at a time of 40 msec. The
maximum g-level is estimated to be approximately 31 g's, which is equ!iva-
lent to a peak dynamic load of about 26,880 pounds. The final deflec-
tion was recorded to be 2.54 inches. The data sampling rate used during
this test was 750 samples/second. It is slightly lower than desired and,
consequently, may have resulted in a lower peak load. For all the sub-
sequent dynamic tests, a data sampling rate of 1500 samples/second was
used to ensure obtaining peak values within the desired frequency range
( < 300 Hz). Figure 86 shows that the predicted peak failure load is
approximately 6.8% higher than the test value using faired accelerometer
data. The failure deflection point, as in previous comparisons, is lower
for the analysis as compared to the test.

Specimens 5 and 6 are the same as specimen 4 except for the added thicker
gage angles between the bulkhcad stations (C) and (D), Figure 47, and for
the replacement fasteners that attach the angle to the main beam (stiffener)
web which are 0.25-inch-diameter screws. The screws are installed to pre-
vent a separation of the angles from the side stiffeners due to tearing or
tension failure at the higher impact velocity of 30 ft/sec (specimen 5).
Specimen 6 was tested at 14 ft/sec. so the impact head weight had to be
increased to 3550 pounds to ensure that both specimens, 5 and 6, were
tested at the same energy level. Figures 87 and 88 show a comparison of
the load-deflection curves for specimens 5 and 6, respectively. As il the
test of specimen 4, the load values were obtained from faired accelerom-
eter data. As can be noted in Figures 86, 87 and 88, the oscillations
in the accelerometer readings make it difficult to define the continuous
load-stroke curve. At best, it can be ascertained that the accelerometer
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Figure 85. Predicted Versus Test Load-Deflection Curves for Specimen 3.
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* Figure 86. Predicted Versus Test Load-Deflection Curves for Speolmen 4.
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Figure 87. Predicted Versus Test Load-Deflection Curves for Specimen 5.
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Figure 88. Predicted Versus Test Load-Deflection Curve for Specimen 6.
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response level is faired about a mean curve. All subsequent dynamic tests
(7 and 8) were performed with load cells installed between the support and
the ground. This setup was described earlier in the secticn entitled Sub-
structure Test Program. The mode of failure for specimens 5 and 6 is very
similar, as can be noted in Figure 71. Using faired accelerometer data,
the difference between experimental and predicted peak values for speci-
mens 5 and 6 is between 22.5% and 24%.

Tests 7, 8 and 9 were designed to test the same configuration of specimens
(except for lower skin for specimen 9) under three conditions: 27 ft/sec
impact velocity, 14 ft/sec impact velocity, and statically. In these
tests, load cells were installed beneath the four-edge support and the
ground surface. The results of these tests are shown in Figures 89, 90,
and 91. The load cells appear to provide a better definition of the load
than is obtair-d from accelerometer readings, which are influenced by the
frequencies of the total system, including impact head, carriage, tower,
and specimen. The results of these three tests also show that for this
type of structure, static tests are sufficiently accurate to determine
load-deflection characteristic shape, peak load and post-failure load.
However, in dynamic tests the springback effect is immediate, and the struc-
ture will experience slightly lower deflection valuies than when testedstatically. The predicted load-stroke curve for the static load condition

to 4 .5% from the peak load obtained from the load cell data. The maximum

load obtained during the 27-ft/sec dynamic impact test is 144,000 pounds,
and the failure load experienced in the static test is 132,000 pounds.
The difference between peak static and dynamic (27 ft/sec) failure load
for this type of specimen is approximately 9%.

The comparisons of predicted and test load-deflection curves for speci-
mens 10, 11 and 12 are shown in Figures 92, 93 and 94. The discrepancy
between predicted and test failure loads obtained for specimens 10, 11
and 12 is between +1-3% and -8%. A slight slippage of one of the supports,
which was noted at the conclusion of the test, may account for the
"diagonal" like buckling failure mode indicated in Figures 80 and 82.

COMPARISON OF TEST AND ANALYSIS ENERGY ABSORPTION

Table XX summarizes the comparative values of energy absorption and the
percentage of difference between test and analysis. The analysis ranges
from -27.1% (specimen 12) to 26.3% (specimen 5) of the measured data. For
specimens 1 through 4 the analysis is between -1% and -8.6%. For speci-
mens 6, 7, 8, 9 and 10, the predicted energy absorbed is +10%, -6%, -18%,
-1.5% and -13%, respectively. The shape of the post-failure load-deflec-
tion curve will greatly influence the amount of energy that is absorbed.
The analysis, with its assumed plastic hinge moment, presents a lower bound
post-failure curve and thus, in general, is expected to underestimate the
structural energy absorption capability. This occurs in 10 of the 12
specimens tested.
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Figure 89. Predicted Versus Test Load-Deflection Curves for Specimen 7.
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Figure 90, Predicted Versus Test Load-Deflection Curves for Specimen 8.
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Figure 91. Predicted Versus Test Load-Deflection
Curves for Specimen 9.

4o
TEST LOAD-DEFLECTION CURVE

30 PREDICTED LOAD-DEFLECTION CURVE

0 STATIC TEST

X4 20

10

0 1 2 3 4
DEFLECTION, IN.

Figure 92. Predicted Versus Test Load-Deflection
Cuxves for Specimen 10.
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Figure 93. Predicted Versus Test Load-Deflection Curve for Specimen 11.
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Figure 94. Predicted Versus Test Load-Deflection Curves for Specimen 12.
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The following sub-sections discuss the effect of the initial assumptions on
the comparison between analysis sand test results previously described. In
addition, empirically based correction factors, which are designed to improve
predictions of failure and the post-failure load-deflection curve, are pre-
sented, where applicable.

ROMK ON THE INITIAL ANALYTICAL ASSUMPTIONS

Plastic Hinge Formation

The post-failure analysis is based on the. plastic hinge forming in a sym-
metrical manner as is shown in Figure 26a. While the analytical prediction
based on such a mode yields reasonable results, it has been observed from
the tests performed, during the study described herein, that an asymmetric
plastic hinge mode occurred in some of the panels. An asymmetric plastic
hinge mode, as shown in the sketch below, may result from structural
imperfections,

22= + 1 + 2 2

f2 2= 1/2 colun length

MM MP = plastic hinge
1 2 ments

The energy expression for the above asymmetric mode system is as showr
below:

fP. du =f(M, + MP ). 8 (ae + e 2) (38)

From geometry

1 Cos eI + 2 2 = - u (39)

1 sin 0 1 2 sin e2 = j (40)

By squaring both sides of "quations (39) and (40)

2 2  c.  L2 cos .ose 2 = (2-u) ()icos e+ 2Cos 02 + 2 Co osa(1

2 2sin 2e1 + 2 2 si 2 2 2  2 2sin 1 sin 0 2 0 (42)
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By adding Equations (41) and (42) and using trigonometric identities,
Equation (43) is obtained.

21 2 cos ( +  
2 )= (21.- u) 2  (f2 22) (43)

Equation (43) can be rearranged as shown:

r1/2

+ e2) = " dzl( 'z)1/2 (44)

where

Z= [(2- u)2. ( 2 + 2J /21k 12 (45)

Therefore

(2f - u) 8u (46)
v/ 42 2 - 42 u+u 2  " (u(U - u/4)

Equation (47) is obtained by substituting Equttidn (46) into Equation (38).

f (P- ) .6u 0 (47)

where

u = (22 - u)

/414 2 - 4 u+u2

From Equation (47)

P = Q(49)

Equation (49) has the identical form as Equation (17) except for the
weighting term Q(u). It is concluded that for asymmetric cases the post-
failure load can be estimated by multiplying the expression shown in Equa-
tion (17) by the sensitivity factor Q(u) described by Equation (48).

Figure 95 shows the sensitivity factor versus deflection (crushing defor-
mation) for panel depths of 6 inches and 12 inches.
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It can be seen that as either the panel depth increases, or the ratio of
l/12 decreases, the sensitivity factor converges to the symmetric case

(l 1 = 12). In general, the asymmetric modes cause higher post-failureloads from 10% to 35%, for column lengths of 12 inches and 6 inches,
respectively, at about three inches of deflection. If for example, the
sensitivity factor shown in Figure 95 is applied to the analysis of
specimen 10 (Figure 92) in which asymmetric failure modes are noted, the
post-failure curve load level at three inches of deflection would show
improved agreement with the test data with regard to energy absorption.
However, the energy absorption correlation, without the application of the
sensitivity factor, is within 13% of agreement. The sensitivity factor
would be applicable, as shown, only if all the observed failures are
asymmetrical modes. Since the test results indicate the presence of both
symmetric and asymmetric failure modes, the basic assumption of a symmetrical
failure mode, while slightly underestimating energy absorption, is adequate.

Empirical Corrections to the Post-Failure Load-Deflection Curve

The post-failure load-deflection curve derived in Equation (17), subsection
entitled Post-Failure Analysis of Stiffened Panels, has the general shape
shown in Figure 96 as a function of panel depth and the value of the plastic
hinge moment that is formed.

B C
A TEST RESJLTS

M
.4 p

max
ma = deflection
P = load

= plastic hinge moment

/-M
P min

DEFLECTION, I

Figure 96. Post-Failure Load-Deflection Curves.

In the Substructure Analysis section the plastic hinge moment (Mp) given
in Equation (17) is based on the most conservative geometry shape, or
minimum value, which corresponds to the condition in which the stiffener
flange folds completely over due to warping. This condition results in a
much lower bending stiffness than wouid be obtained if the flange is ex-
tended. Although the correlation of analysis and test shows good agreement
with regard to load-deflection characteristics, the analysis yields a con-
sistently lower deflection value at failure when compared to test data. In
part this discrepancy may be due ;o the formation of asymmetric hinge modes
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as opposed to the formation of symmetric hinge modes, as initially assumed.
It is estimated that the formation of an asymmetric failure mode in lieu
of a symmetric failure mode will influence the failure load predicted by
analysis with a shift in the failure deflection point.

Thus, the primary difference between the failure deflection obtained by anal-
ysis and test is attributed to the fact that the original analysis (Equa-
tion 17) assumes an overly conservative hinge moment. This, for example,
would be reflected in post-failure curve A of Figure 96. The less conserva-
tive the hinge moment, the more the post-failure curve shifts to the right
(B and C). The test results indicate that the plastic hinge moment could
be higher for the transitional range (at and immediately after failure).

The sawe phenomenon is noted in Reference 41, which based the post-failure
analysis on pure bending. The following simple idealization of such
behavior in view of the experimental data is suggested in Reference 41.

M =Mi + (M - M )e.KO (50)p mn MAX min

where K is constant and

e is a plastic hinge rotation in radians
M is the most conservative plastic hinge moment
min

M is the moment for the undeformed cross-section

However, no attempt is made to determine K in Reference 41. In the fol-
lowing discussion, the parameters which influence the value of K are
assessed. In the rigid perfectly plastic hinge moment, the only variables
which govern the value of K in Equation (50) are the section modulus and
the column length. Thus, the exponential function of e-KO should have a
decreased section modulus value. For the typical angle-type stiffener
arrangement, as shown in Figures 24(c) and 24(d), the following simple
form of constant K is proposed.

K (51)
\J \w/

where

Y A C 3.0 constants
\ 0 " P to  .032 in. for typical

IT = 20 angle-type
= 5 stiffeners
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Correlation with the test data obtained in this study suggests K as

20 2 ?02 6
K-=5 Y I. (52)

w

Although the expression for K given in Equation (51) has been limited to
application to angle type stiffened panels, it may be applicable to other
types of stiffeners. Until additional crushing test data is evaluated.

* however, the expression for K noted above should be limited to angle
stiffeners.

The use of Equation (51) is extended to zee stringer stiffened panels by
using a value of a = 10 in Equation (51) based on post-failure load-
deflection data deduced from test data presente-' in Reference 4. Fig-
ure 97 shows the experimental load-deflection curve of a stiffened panel
with zee stringers versus the predicted curve using the analytical method,
modified by Equation (51). The comparison between test and enalysis
matches reasonably well up to a vertical crushing deflection of 0.2 in-
ches. However, beyond this deflection, especially above 1.0 inch, the
predicted load inc ceases to approximately twice the load obtained from
testing. This discrepancy in load is attributed to the relaxation of the
end constraints of the test setup in the large post-failure range, thereby
approaching a simply supported end condition. Photographs of the test
specimens in the post-test condition, presented in Reference 4, show evi-
dence of end restraint relaxation.

If the end restraints remained fixed it is anticipated that the test load
at a deflection > 1 inch would be approximately twice the load level shown
in Figure 97 due to additional hinge formations at the supports. There-
fore, the analytically predicted values shown in Figure 97 are expected
to show good correlation with Reference 4 test data, assuming the end
restraints are held fixed.

Failure Deflection

Determination of the Deflection Value at Failure

Although extensive use of semi-empirical approaches has been made in this
study to predict the buckling and failure load, the literature evaluation
indicates that information regarding failure deflection and pre-failure
stiffness is very limited with the exception of simple configurations such

* as flat plates. Figure 98, obtained from Reference 107, shows a typical
curve of changes in stiffness versus applied load for a square plate. The
relationship between the structural imperfection parameter, a, and plate i
thickness (ts), initial lateral deflection (Wo), critical stress (acr), and

yield stress (acy) is given in Reference 107 by the following expression:

( - (53)
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